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Abstract

The relatively simple tectonic environment of mid-ocean ridge transform fault (RTF) seis-
micity provides a unique opportunity for investigation of earthquake and faulting processes.
We develop a scaling model that is complete in that all the seismic parameters are related
to the RTF tectonic parameters. Laboratory work on the frictional stability of olivine ag-
gregates shows that the depth extent of oceanic faulting is thermally controlled and limited
by the 6000C isotherm. Slip on RTFs is primarily aseismic, only 15% of the tectonic offset
is accommodated by earthquakes. Despite extensive fault areas, few large earthquakes oc-
cur on RTFs, and few aftershocks follow the large events. Standard models of seismicity,
in which all earthquakes result from the same seismic triggering process, do not describe
RTF earthquakes. Instead, large earthquakes appear to be preceded by an extended fault
preparation process marked by abundant foreshocks within 1 hour and 15 km of the main-
shocks. In our experiments normal force vibrations, such as seismic radiation from nearby
earthquakes, can weaken and potentially destabilize steadily creeping faults. Integrating
the rheology, geology, and seismicity of RTFs, we develop a synoptic model to better un-
derstand the spatial distribution of fault strength and stability and provide insight into slip
accommodation on RTFs.
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Chapter 1

Introduction

How slip is accommodated on major faults, whether through seismic slip, steady aseismic

fault creep, or episodic aseismic transients, remains a central problem of tectonics. This

topic encompasses a number of basic questions, including: (1) How do seismic and aseismic

deformation couple and partition to accommodate slip on major faults? (2) What effect

does this partitioning have on seismic hazard? (3) How predictable are large earthquakes?

(4) How do earthquakes nucleate, and what role do foreshocks play in the earthquake

nucleation process? (5) What are the stress levels on seismogenic faults and how do they

relate to earthquake stress drops? (6) What physical mechanisms control near- and far-field

dynamic triggering of seismicity by large earthquakes? and (7) Are small-scale phenomena

relevant to large-scale fault slip and earthquake rupture? These questions are the focus of

much current research including the work presented in this thesis.

Earthquake science is historically divided into four broadly defined fields: (1) seismolog-

ical and geodetic observation and modeling of individual earthquakes and their interactions

with the surrounding stress field, (2) large-scale geodetic study of interseismic tectonic de-

formations, (3) quantification of past fault slip through on-land and oceanic field geology,

and (4) experimental and theoretical study of fault and rock mechanics. More recently,

advances in earthquake science have come through system-wide studies, and the realization

that faulting and earthquakes are integrally connected with each other, with neighboring

faults, and with the surrounding fault zone. In this thesis I have taken the latter approach,

coupling understanding of earthquake processes from seismic observations with laboratory-

based insight into the mechanics of fault friction.
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In discussing the state of earthquake science thirteen years ago, Scholz [1992] elucidated

the divide between seismologists and rock mechanicists in their traditional views on stick-

slip theory of earthquakes:

...since seismology will always be an important part of the study of earthquakes,

this revolution (from the descriptive asperity model to a quantitative rate and

state dependent model of friction) will only be resolved when seismologists have

embraced the new view, and this will only take place over a prolonged period as

the education of a new generation of seismologists encompasses the discipline of

rock mechanics.

This thesis represents a move towards this unification of the earthquake science disciplines,

presenting an integrated view of fault slip and earthquake behavior on a relatively simple

faulting environment.

The focus of this thesis is primarily on the strike-slip faults that offset mid-ocean ridge

spreading centers, ridge transform faults (RTFs). These faults are far from land-based

seismic networks, so the location and source parameters of their seismicity are more poorly

determined than for many continental faults. However, at least on a global basis their

tectonic parameters are better constrained, with a length given by the distance between

two spreading segments and a slip rate determined by present day plate motions. RTFs

are generally long lived structures with cumulative displacements that far exceed their

lengths, as evidenced by the continuity of ocean-crossing fracture zones. The compositional

structure of the oceanic lithosphere is more homogeneous than continental crust, and its

thermal structure, and consequently its fault rheology, should be more predictable from

known plate kinematics. Moreover, RTFs on the East Pacific Rise comprise some of the

fastest slipping faults on Earth. The largest earthquakes on the EPR are small, with

maximum magnitude of about 6.5, and thus a complete seismic cycle takes less than 10

years, compared with more than 100 years required for a full seismic cycle on the San

Andreas Fault, making it possible to observe an entire cycle of faulting and earthquake

slip with a relatively short seismic catalog. Owing to the relative simplicity of the mid-

ocean environment, RTF seismicity may be more amenable to interpretation in terms of

the dynamics of faulting and less contingent on its geologic history than the better studied

continental strike-slip faults. A thorough review of previous work on RTF faulting and

10



seismicity is given in the introduction to Chapter 2 and is contrasted with a simplified

model of continental strike-slip seismicity in Appendix A of Chapter 2.

In Chapter 2 we present a comprehensive scaling model for RTF seismicity based on 41

years of data from approximately 17,000 km of fault length. This model is complete in the

sense that all seismic parameters scale with the two tectonic control variables, length and

slip rate. In contrast to fully-coupled continental strike-slip faults, RTF slip is primarily

aseismic. The depth extent of oceanic faulting is thermally controlled and limited by the

600'C isotherm (as shown in Chapter 4). Thus, depending on the thermal model used, a

maximum of 15% of the known tectonic offset on RTFs is accommodated by earthquakes

and the remaining 85% or more occurs as steady sliding or slow creep events. Despite

extensive seismogenic areas RTF earthquakes are small, rarely greater than M = 7.0, even

for the largest faults. We find that the rupture area of the largest expected earthquakes

scales with fault area to the one-half power. As such, on average larger RTFs have bigger

earthquakes but smaller seismic productivities and these parameters trade off in such a way

to maintain constant seismic coupling.

The standard models of earthquake triggering developed for Southern California, in

which all earthquakes initiate in the same manner, do not describe RTF seismicity. In

Chapters 2 and 3 we investigate the temporal and spatial clustering of earthquakes on

RTFs. We find that RTF earthquakes are followed by very few aftershocks, approximately

15 times fewer than the number observed on continental strike-slip faults. In contrast, about

four times more foreshocks precede earthquakes of magnitude 5.5 or greater on East Pacific

Rise RTFs than precede earthquakes on faults in Southern California. The foreshocks are

separated from the mainshocks by less than 15 km and 1 hour. Thus, the larger events

on RTFs are more predictable than the smaller ones that are typically not preceded by

foreshocks. The differences in clustering statistics between RTFs and faults in Southern

California allow us to reject the hypothesis that all sizes of RTF earthquakes initiate in the

same way.

The frictional behavior of olivine, which is a primary component of the oceanic litho-

sphere, strongly influences faulting on RTFs. Chapter 4 presents an experimental investi-

gation of olivine friction motivated by the observation that RTF seismic parameters are

thermally controlled (from the scaling relations derived in Chapter 2). In our experi-

ments, we observed a transition from velocity-weakening (potentially unstable) to velocity-
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strengthening (stable) frictional behavior at about 10000C. Based on Bowden and Tabor's

asperity hypothesis, we speculate that plastic yielding of the asperities at high temperatures

stabilizes frictional sliding of the bulk sample. We scale our laboratory results to the tem-

perature and strain rate conditions on RTFs and find a maximum earthquake nucleation

depth of approximately 6000C for these faults.

Chapter 5 is a second study of earthquake nucleation and triggering, conducted experi-

mentally on simulated fault gouge. We found that high-amplitude, low-frequency, normal-

force vibrations, such as seismic radiation from an earthquake on a nearby fault, can weaken

and potentially destabilize steadily creeping faults. Our experimental results are systematic

and can be modeled with rate and state dependent constitutive friction laws. The simulated

faults recover to their steady-state frictional strength following the vibrations, suggesting

that no permanent damage is done to the fault zone. Thus, both Chapters 3 and 5 sug-

gest that for faults characterized by aseismic slip, probabilities of earthquake nucleation are

increased during and immediately following (less than 1 hour) changes in fault stressing

rate.

Finally, in Chapter 6 we combine results of the previous chapters with additional con-

straints from regional geology, thermal modeling, and prior laboratory studies of fault rhe-

ology into a self-consistent model that can be tested against future observations. With

this synoptic model we construct two-dimensional maps of the maximum yield stress and

frictional behavior on RTFs. By comparing these predictions to observed seismicity pat-

terns, we evaluate where this synoptic model is successful and where unmodeled effects are

significant.

While this thesis represents significant progress in the understanding of many issues

central to earthquake science, including: (1) the partitioning of fault slip into seismic (po-

tentially damaging) and aseismic (stable) components, (2) the relationship between fault

dimension and the size of the largest earthquake, (3) the effects of pressure, temperature,

strain rate, and cumulative offset on shear localization and earthquake size distributions, (4)

the effects of dynamic stressing on frictional strength of faults, and (5) determining whether

the nucleation processes of small and large earthquakes are the same, it leaves us with many

questions for future study. A primary one comes from the result that RTFs are character-

ized by low seismic coupling. We have documented the very different seismic characteristics

of RTFs compared with continental strike-slip faults, however the reason for this difference
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remains unclear. Why is so much of the slip on RTFs aseismic? Serpentine, whose velocity-

strengthening frictional behavior is often thought to accommodate much of the aseismic

slip, accounts for significantly less than 85% of the area above the 6000C isotherm. What

aspect of the rheology or fault dynamics controls this partitioning on RTFs? Is aseismic

slip comprised of subseismic transients, which we have suggested may be responsible for the

abundance of foreshocks found on these faults, or is it primarily steady creep? Furthermore,

if subseismic transients are common on RTFs, and are the trigger of most large earthquakes,

then is it possible that such a process exists on continental strike-slip faults? Could such

indicators of large earthquakes be less frequent on the continents and possibly have longer

time constants, thus be more difficult to observe?

These questions and others raised throughout the thesis, can be best addressed with

improved data sets. Ocean bottom seismometer deployments on RTFs combined with new

seafloor geodetic technology and continued hydroacoustic monitoring will allow for rapid

progress in understanding the mechanics of faulting on RTFs and whether similar processes

should be expected on continental faults.
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Chapter 2

Earthquake Scaling Relations for

Mid-Ocean Ridge Transform

Faults*

Abstract

A mid-ocean ridge transform fault (RTF) of length L, slip rate V, and moment release rate
M can be characterized by a seismic coupling coefficient X = AE/AT, where AE -' MI/V is an
effective seismic area and AT oc L3/ 2 V-1/ 2 is the area above an isotherm Tref. A global set
of 65 RTFs with a combined length of 16,410 km is well described by a linear scaling relation
(1) AE cc AT, which yields X = 0.26 ± 0.05 for Tref = 600'C. Therefore, nearly 3/4 of the
slip above the 6000C isotherm must be accommodated by subseismic mechanisms, and this
slip partitioning does not depend systematically on either V or L. RTF seismicity can be fit
by a truncated Gutenberg-Richter distribution with a slope / = 2/3 in which the cumulative
number of events No and the upper-cutoff moment Mc = p DcAc depend on AT. Data forA1/2
the largest events are consistent with a self-similar slip scaling, Dc c 4(A , and a square-

root areal scaling (2) AC oc AT/. If (1) and (2) apply, then moment balance requires that
the dimensionless seismic productivity, uo c 1No/ATV, should scale as v0 oc AT1/4, which
we confirm using small events. Hence, the frequencies of both small and large earthquakes
adjust with AT to maintain constant coupling. RTF scaling relations appear to violate
the single-mode hypothesis, which states that a fault patch is either fully seismic or fully
aseismic and thus implies Ac < AE. The heterogeneities in the stress distribution and
fault structure responsible for (2) may arise from a thermally regulated, dynamic balance
between the growth and coalescence of fault segments within a rapidly evolving fault zone.

*Published as: M. S. Boettcher and T. H. Jordan, Earthquake scaling relations for mid-

ocean ridge transform faults, J. Geophys. Res., v. 109, B12302, doi:1029/2004JB003110.
Reproduced with permission from the American Geophysical Union.
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[iJ A mid-ocean ridge transform fault (RTF) of length L, slip rate V, and moment
release rate M can be characterized by a seismic coupling coefficient X = AEIAT, where
AE -• i/Vis an effective seismic area and AT cx L3/'2 V--I 2 is the area above an isotherm
T,.f. A global set of 65 RTFs with a combined length of 16,410 km is well described by
a linear scaling relation (1) AE0CAT, which yields X = 0.15 ± 0.05 for Trsf = 600TC.
Therefore about 85% of the slip above the 600TC isotherm must be accommodated by
subseismic mechanisms, and this slip partitioning does not depend systematically on
either V or L. RTF seismicity can be fit by a truncated Gutenberg-Richter distribution
with a slope 03 = 2/3 in which the cumulative number of events No and the upper cutoff
moment Mc = l.DcAc depend on Ar. Data for the largest events are consistent with a
self-similar slip scaling, DC oc 4A12, and a square root areal scaling (2) Ac cx A-P. If
relations I and 2 apply, then moment balance requires that the dimensionless seismic
productivity, vo cx No/ATV, should scale as vo cc A.T /4, which we confirm using small
events. Hence the frequencies of both small and large earthquakes adjust with AT to
maintain constant coupling. RTF scaling relations appear to violate the single-mode
hypothesis, which states that a fault patch is either fully seismic or fully aseismic and
thus implies Ac < AE. The heterogeneities in the stress distribution and fault structure
responsible for relation 2 may arise from a thermally regulated, dynamic balance
between the growth and coalescence of fault segments within a rapidly evolving fault
zone. INDEX TERMS: 7230 Seismology: Seismicity and seismotectonics; 8123 Tectonophysics:
Dynamics. seismotectonics; 8150 Tectonophysics: Plate boundary--general (3040); 3035 Marine Geology
and Geophysics: Midocean ridge processes; KEYWORDS: earthquakes, scaling relations, fault mechanics

Citation: Boettcher, M. S., and T. H. Jordan (2004), Earthquake scaling relations for mid-ocean ridge transform faults, J. Geophys.
Res., 109, B 12302, doi: 10. 1029/2004JB003 110.

1. Introduction with rupture width [Romanowicz, 1992, 1994; Romanowicz
u remains a and Ruff, 2002], length [Schoix, 1994a, 1994b; Hanks and[2] How slip is accommodated on major faults rmisa Balwn, 2002], or something in between [Mai and Beroza,

central problem of tectonics. Although synoptic models of 20 00; or sona cn ication 203] (3) te
fault slip behavior have been constructed [e.g., Sibson, 2000; P. Somerville, personal communication, 2003]; (3) the
fa83;letsli ehavior have be; Schonstructeda [eg. Synamil outer scale of faulting, i.e., the relationship between fault
1983; Yeats et al., 1997; Scholz, 2002], a full dynamical dimension and the size of the largest earthquake [Jackson,

theory is not yet available. Some basic observational issues
are (1) the partitioning of fault slip into seismic and aseismic 1996; Schwartz, 1996; Ward, 1997; Kagan and Jackson,
components, including the phenomenology of stei 2000]; (4) the effects of cumulative offset on shear locali-

c p nfeady c p zation and the frequency-magnitude statistics of earth-
[Schulz et aL, 1982; Wesson, 1988], creep transients (silent quakes, in particular, characteristic earthquake behavior
earthquakes) [Sacks et aL, 1978; Linde et al., 1996; Hek et S i clar ateri th quake beavo
al., 1997; Hirose et al., 1999; Dragert et al, 2001; Milleret [Schwartz and Coppersmith, 1984; Wesnousky, 1994;1974; Oka2] and stewearth98;qeuake Kandamori an, Cia Kagan and Wesnousky, 1996]; and (5) the relative roles of
al., 2002], and slow earthquakes [Kanamori and 1990]; dynamic and rheologic (quenched) structures in generating
1974 e sealnd otewarth1982;k e slip Jorupturdimensions, earthquake complexity (Gutenberg-Richter statistics, Omo-(2)s' tri's Law) and maintaining stress heterogeneity [Rice, 1993;
e.g., for faults with large aspect ratios, whether slip scales Langer et at., 1996; Shaw and Rice, 2000].

[3] A plausible strategy for understanding these phenom-

Copyright 2004 by the American Geophysical Union. ena is to compare fault behaviors in different tectonic
0148-0227/04/2004JB0031 10509.00 environments. Continental strike-slip faulting, where the

B12302 I of 21
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observations are most comprehensive, provides a good matical notation (see notation section). We then proceed
baseline. Appendix A summarizes one interpretation of with our own analysis, in which we derive new scaling
the continental data, which we will loosely refer to as the relations based on areal measures of faulting. We conclude
"San Andreas Fault (SAF) model," because it owes much by using these relations to comment on the basic issues laid
to the abundant information from that particular fault out in this introduction.
system. Our purpose is not to support this particular
interpretation (some of its features are clearly simplistic 2. Background
and perhaps wrong) but to use it as a means for contrasting
the behavior of strike-slip faults that offset two segments of [7] Oceanic and continental earthquakes provide comple-
an oceanic spreading center. These ridge transform faults mentary information about seismic processes. On the one
(RTFs) are the principal subject of our study. hand, RTFs are more difficult to study than continental

[4] RTFs are known to have low seismic coupling on strike-slip earthquakes because they are farther removed
average [Brune, 1968; Davies and Brune, 1971; Frohlich from seismic networks; only events of larger magnitude can
and Apperson, 1992; Okal and Langenhorst, 2000]. Much be located, and their source parameters are more poorly
of the slip appears to occur aseismically, and it is not clear determined. On the other hand, the most important tectonic
which parts of the RTFs, if any, are fully coupled [Bird et parameters are actually better constrained, at least on a
at, 2002]. Given the length and linearity of many RTFs, the global basis. An RTF has a well-defined length L, given
earthquakes they generate tend to be rather small; since by the distance between spreading centers, and a well-
1976, only one event definitely associated with an RTF determined slip rate V, given by present-day plate motions.
has exceeded a moment-magnitude (m,) of 7.0 (Harvard Moreover, the thermal structure of the oceanic lithosphere
Centroid-Moment Tensor Project, 1976-2002, available near spreading centers is well described by isotherms that
at http://www.seismology.harvard.edu/projects/CMT) deepen according to the square root of age.
(Harvard CMT). Slow earthquakes are common on RTFs [#] Brune [1968] first recognized that the average rate of
[Kanamori and Stewart, 1976; Okal and Stewart, 1982; seismic moment release could be combined with L and V to
Beroza and Jordan, 1990; JhmIM and Jordan, 1994]. Many determine the effective thickness (width) of the seismic
slow earthquakes appear to have a compound mechanism zone, WE. For each earthquake in a catalog of duration At,
comprising both an ordinary (fast) earthquake and an infra- he converted surface wave magnitude ms into seismic
seismic event with an anomalously low rupture velocity moment M and summed over all events to obtain the
(quiet earthquake); in some cases, the infraseismic event cumulative moment EM. Knowing that M divided by the
precedes, and apparently initiates, the fast rupture [Jhmli et shear modulus p' equals rupture area times slip, he obtained
al., 1993; Ihmli and Jordan, 1994; McGuire et al., 1996; a formula for the effective seismic width
McGuire and Jordan, 2000]. Although the latter inference EM
remains controversial [Abercrombie and Ekstr~m, 2001, WE = (1)
2003], the slow precursor hypothesis is also consistent with PLVA4w(
episodes of coupled seismic slip observed on adjacent RTFs
[McGuire et al., 1996; McGuire and Jordan, 2000; Forsyth In his preliminary analysis, Brune [1968] found values of
et al., 2003]. WE in the range 2-7 km. A number of subsequent authors

[s] The differences observed for RTFs and continental have applied Brune's procedure to direct determinations of
strike-slip faults presumably reflect their tectonic environ- M as well as to ms catalogs [Davies and Brune, 1971; Burr
ments. When examined on the fault scale, RTFs reveal and Solomon, 1978; Solomon and Burr, 1979; Hyndman
many of the same complexities observed in continental and Weichert, 1983; Kawaski et al., 1985; Frohlich and
systems: segmentation, braided strands, stepovers, con- Apperson, 1992; Sobolev and Rundquist, 1999; Okal and
straining and releasing bends, etc. [Pockalny et al., 1988; Langenhorst, 2000; Bird et al., 2002]. The data show
Embley and Wilson, 1992; Yeats et al., 1997; Ligi et al., considerable scatter with the effective seismic widths for
2002]. On a plate tectonic scale, however, RTFs are gener- individual RTFs varying from 0.1 to 8 kIn.
ally longer lived structures with cumulative displacements [9] Most studies agree that WE increases with L and
that far exceed their lengths, as evidenced by the continuity decreases with V, but the form of the scaling remains
of ocean-crossing fracture zones [e.g., Cande et al., 1989]. uncertain. Consider the simple, well-motivated hypothesis
Moreover, the compositional structure of the oceanic litho- that the effective width is thermally controlled, which
sphere is more homogeneous, and its thermal structure is appeared in the literature soon after quantitative thermal
more predictable from known plate kinematics [Turcotte models of the oceanic lithosphere were established [e.g.,
and Schubert, 2001]. Owing to the relative simplicity ofthe Burr and Solomon, 1978; Kawaski et al., 1985]. If
mid-ocean environment, RTF seismicity may therefore be the seismic thickness corresponds to an isotherm, then it
more amenable to interpretation in terms of the dynamics of should deepen as the square root of lithospheric age,
faulting and less contingent on its geologic history. implying WE oc L'2V-I2 and EM cr L3t/21A 2 [e.g., Okal

[6] In this paper, we investigate the phenomenology of and Langenhorst, 2000]. However, two recent studies have
oceanic transform faulting by constructing scaling relations suggested that WE instead scales exponentially with
for RTF seismicity. As in many other published studies, we V [Frohlich and Apperson, 1992; Bird et at, 2002], while
focus primarily on earthquake catalogs derived from tele- another proposes that EM scales exponentially with
seismic data. Because there is a rich literature on the subject, L [Sobolev and Rundquist, 1999]. The most recent papers,
we begin with a detailed review of what has been previously by Langenhorst and Okal [2002] and Bird et al. [2002], do
learned and express the key results in a consistent mathe- not explicitly test the thermal scaling of WE.
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t v.-12 30ma Solomon, 1988; Stein and Pelayo, 1991]. Ocean bottom
U CA U I 0 • seismometer (OBS) deployments [Wilcock et al., 1990] and

___________________________ 1A 11 teleseismic studies using waveform modeling and slip
as a inversions [Abercrombie and Ekstrim, 2001] tend to favor

%b 43 ss temperatures near 600*C. We therefore adopt this value as
S" our reference isotherm. Actually, what matters for seismic

,as ? f coupling is not the absolute temperature, but its ratio to the
*A a u3 u mantle potential temperature To. We choose Tf.WTo = 0.46,

so that a reference isotherm of 600°C implies To = 1300°C,
, 1A a typical value supported by petrological models of mid-

l area of c ,AT, is the fl ocean spreading centers [e.g., Bowan and White, 1994].
Figure 1. Therma rm f contact, uf the faut [12] Previous studies have shown that the X values for
above a reference isotherm T. Temperatures of the ptes RTFs are generally low. Referenced to the 600*C isotherm,
bound g Therf fult ] a re assume toevolv as TlerfFk ptni most yield global averages of 10-30%, but again there is a
and To erfa[((,I ] where T. is the mantle potential lot of variability from one RTF to another. High values
temperature, k = xdL and 2 / Vth are nondimensio- (x > 0.8) have been reported for many transform faults in
nalized length and depth, and K is the thermal diffusivity. the Atlantic Ocean [Kanamori and Stewart, 1976; Muller,
Fault isotherms TITO (thin curves) are calculated by 1983; Wilcock et al., 1990], whereas low values (x < 0.2)
averaging the two plate temperatures, which reach a are observed for Eltanin and other transform faults in the
maximum depth in kilometers at zm..t = 2viriiV Pacific [Kawaski et al., 1985; Okal and Langenhorst, 2000].
erf -(T,/To). Our model assumes a reference isotherm of The consensus is for a general decrease in X with spreading
T,/To = 0.46 (thick gray line), or T,,f = 600C for To = rate [Kawaski et al., 1985; Sobolev and Rundquist, 1999;
1300*C; the corresponding plate isotherms are plotted as Bird et al., 2002; Rundquist and Sobolev, 2002].
dashed lines. Depth axes for L/V= 0.5 Ma and 30 Ma (right [13] By definition, low values of -X imply low values of
side, in kilometers), calculated for an assumed diffusivity of the effective coupling width, WE. However, is the actual

= 10-' kkm2/s, bound the plate ages spanned by the RTF RTF coupling depth that shallow? Several of the pioneering
data set. studies suggested this possibility [Brune, 1968; Davies and

Brune, 1971; Burr and Solomon, 1978; Solomon and Burr,
1979]. From Sleep's [1975] thermal model, Burr and

[io] An important related concept is the fractional seismic Solomon [1978] obtained an average coupling depth
coupling, defined as the ratio of the observed seismic corresponding to the 150*C isotherm (±I00C), and they
moment release to the moment release expected from a supported their value with Stesky et al.'s [1974] early work
plate tectonic model [Scholz, 2002]: on olivine deformation. Given the direct evidence of seismic

rupture at depths below the 400°C isotherm, cited above,
and experiments that show unstable sliding at temperatures

X EMs (2) of 600*C or greater [Pinkston and Kirby, 1982; Boettcher et

al., 2003], this "shallow isotherm" hypothesis no longer
Previous authors have made different assumptions in appears to be tenable [Bird et al., 2002].
calculating the denominator of equation (2). In our study, [14] However, the low values of)x could imply that RTFs
we specified EMf in terms of a "thermal area of contact," have "thin, deep seismic zones," bounded from above by
AT, which we obtained from a standard algorithm: the thermal an isotherm in the range 400-500*C and from below by an
structure of an RTF is approximated by averaging the isotherm near 600°C. Alternatively, the seismic coupling of
temperatures of the bounding plates computed from a two- RTFs may not depend solely on temperature; it might be
dimensional half-space cooling model [e.g., Engeln et al., dynamically maintained or depend on some type of lateral
1986; Stoddard, 1992; Okal and Langenhorsi, 2000; compositional variability. If so, does the low seismic
Abercrombie and Ekstrom, 2001]. The isotherms and coupling observed for RTFs represent a single-mode distri-
particular parameters of the algorithm are given in Figure 1. bution of seismic and creeping patches, as in Appendix A,
AT is just the area of a vertical fault bounded from below or does a particular patch sometimes slip seismically and
by a chosen isotherm, Tf, and its scaling relation is sometimes aseismically?
AT cc L3 V- ". We define the average "thermal thickness" [i5] The low values of x reflect the paucity of large
for this reference isotherm by WT =- Ar/L. The cumulative earthquakes on RTFs, which can be characterized in terms
moment release is EMf, = VLWTVAtIc, so equations (1) of an upper cutoff magnitude. Like most other faulting
and (2) imply that X is simply the ratio of WE to WT. environments, RTFs exhibit Gutenberg-Richter (GR)

[ii] The seismic coupling coefficient has the most direct frequency-size statistics over a large range of magnitudes;
interpretation if the reference isotherm T,,f corresponds to that is, they obey a power law scaling of the form log N cc
the brittle-plastic transition defined by the maximum depth -bin oc -4ilogM, where N is the cumulative number above
of earthquake rupture [Scholz, 2002]. In this case, the value magnitude m and 13 = (2/3)b. The upper limit of the scaling
X = I quantifies the notion of "fall seismic coupling" used region is specified by a magnitude cutoff mc or an equiv-
in section 1. The focal depths of oceanic earthquakes do alent moment cutoff Mc, representing the "outer scale" of
appear to be bounded by an isotherm, although estimates fault rupture. A variety of truncated GR distributions are
range from 400°C to 900TC [Wiens and Stein, 1983; Trehu available [Molnar, 1979; Anderson and Luco, 1983; Main
and Solomon, 1983; Engeln et al., 1986; Bergman and and Burton, 1984; Kagan, 1991, 1993; Kagan and Jackson,
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2000; Kagan, 2002a], but they all deliver a scaling relation [is] Substituting equation (4) into equation (1) yields the
of the form EM oc WC-. formula for the effective seismic thickness WE. In order to

[16] The (3 values of individual transform faults are avoid equating small values of X with shallow coupling
difficult to constrain owing to their remoteness and the depths, we multiply WE by the total RTF length L to cast the
correspondingly high detection thresholds of global cata- analysis in terms of an effective seismic area AE. We
logs. OBS deployments have yielded (3 values in the range average over seismic cycles and .equate an RTF moment
0.5-0.7 [Trehu and Solomon, 1983; Lilwall and Kirk, 1985; rate with its long-catalog limit, M =_
Wilcock et al., 1990], while teleseismic studies of regional This reduces equation (1) to the expression
RTF seismicity have recovered values from 0.3 to 1.1
[Francis, 1968; Muller, 1983; Dziak et al., 1991; Okal AE = kl/(1IV). (5)
and Langenhorst, 2000]. The most recent global studies The effective area is thus the total seismic potency, MI/p per
disagree on whether (3 is constant [Bird et al., 2002] or unit slip, averaged over many earthquake cycles.
depends on V [Langenhorst and Okal, 2002]. This obser- [i9] Similarly, the outer scale of fault rupture can be
vational issue is closely linked to theoretical assumptions expressed in terms of upper cutoff moment, Mc = pAcDc,
about how RTF seismicity behaves at large magnitudes. where Ac is the rupture area and Dc is the average slip of
Bird et al. [2002] adopted the truncated GR distribution of the upper cutoff earthquake. In this notation, the long
Kagan and Jackson [2000] (a three-parameter model); they catalog limit of equation (4) can be written M =
showed that the Harvard CMT data set for the global kohAoAc- 01(1 - 3), where N0 is the average number of
distribution of RTFs is consistent with the self-similar value events with moment above M0 per unit time. We employ a
3 = 2/3, and they expressed the seismicity variations among nondimensionalized version of this event rate parameter,
RTFs in terms of a cutoff moment Mc. They concluded that which we call the seismic productivity:
log Mc decreases quadratically with V On the other hand,
Langenhorst and Okal [2002] fit the data by allowing ( to NoM 0
vary above and below an "elbow moment" that was also *0 = (6)
allowed to vary with V (a four-parameter model); they pATV
concluded that below the elbow, (3 increases linearly with
V, while the elbow moment itself varies as approximately noe seismic productivity is the cumulative event rate
r-3/2. normalized by the rate of events of moment Me needed

to attain full seismic coupling over the thermal area of
contact A4. For the RTFs used in this study, Mc > M0, so3. Seismicity Model that i'o < I. With these definitions, our model for the

[i7] We follow Bird et al. [2002] and adopt the three- seismic coupling coefficient becomes
parameter seismicity model of Kagan and Jackson [2000],
in which an exponential taper modulates the cumulative GR X = AE/AT = - 0(Mc/Mo)'-r(! - 0). (7)
distribution [see also Kagan, 2002a]:

4. Data
N(M) = No(' exp(m• . (3) [20] We delineated the RTFs using altimetric gravity

maps [Smith and Sandwell, 1997], supplemented with

T phase locations from the U.S. Navy Sound Surveillance
Mo is taken to be the threshold moment above which the System (SOSUS) of underwater hydrophones [Dziak et al.,
catalog can be considered complete, and No is the 1996,2000; R. P. Dziak, SOSUS locations for events on the
cumulative number of events above Mo during the catalog western Blanco Transform Fault, personal communication,
interval Atm. At low moment, N scales as M-1, while above 1999]. Like other strike-slip faults, RTFs show many
the outer scale Mc this cumulative number decays geometric complexities, including offsets of various dimen-
exponentially. We will refer to an event with moment Mc sions (see section 1 for references), so that the definition of
as an "upper cutoff earthquake"; larger events will occur, a particular fault requires the choice of a segmentation scale.
but with an exponentially decreasing probability. The total Given the resolution of the altimetry and seismicity data, we
moment released during Atk, is obtained by integrating chose offsets of 35 kin or greater to define individual faults.
the product of M and the incremental distribution n(M) = Fault lengths L for 78 RTFs were calculated from their end-
- dN/dM, point coordinates, and their tectonic slip rates were com-

puted from the NUVEL-I plate velocity model [DeMets et
al., 1990]. We winnowed the fault set by removing any RTF

EM = M n(M)dM with L < 75 km and AT < AT" = 350 km2. This eliminated
='-O /* small transform faults with uncertain geometry or seismicity

N°M -0r(l - [)/"measures significantly contaminated by ridge crest normal
faulting. The resulting fault set comprised 65 RTFs with a

Assuming Mo -C Mc, we obtain combined length of 16,410 km (Figure 2).

EM N0Mo0 Mc'-0r(1 - 3) (4) 4.1. Seismicity Catalogs
[21] We compiled a master list of RTF seismicity by

For (3 = 2/3, the gamma function is I(1/3) = 2.678.... collating hypocenter and magnitude information from the
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Figure 2. Global distribution of the 65 mid-ocean ridge transform faults (RTFs) used in this study. The
faults were selected to have L > 75 kmn and AT > 350 km2 and have been delineated by plotting all
associated earthquakes from the ISC ms and Harvard CMT catalogs (black dots). The cumulative fault
length is 16,410 km.

Harvard CMT and the International Seismological Center cumulative CMT strike-slip moment from 1.205 x 1021 N m
(ISC) online bulletin (1964-1999, available at http:// to 1.212 x 1021 N m (+0.6%).
www.isc.ac.uk) catalogs. We created an earthquake catalog [24] A potentially more significant problem was the
for each RTF comprising all events with locations (ISC inclusion of seismicity near the RTF end points, where the
epicenters for 1964-1999, CMT epicentroids for 2000- transition from spreading to transform faulting is associated
2002) that fell within a region extending 80 km on either with tectonic complexities [Behn et al., 2002]. However,
side of the fault or 50 km from either end. To avoid overlap completely eliminating the semicircular window around the
in the cases where faults were close together, we reduced fault ends only decreased the event count to 517 (-5.7%)
the radii of the semicircular regions capping the fault ends and the cumulative moment to 1. 162 x 1021 N m (-3.6%),
until each earthquake was associated with a unique RTF. which would not change the results of our scaling analysis.
The tectonic parameters and seismicity compilations for [2s] Some large earthquakes with epicenters near ridge-
individual RTFs are summarized in Appendix B. transform junctures actually occur on intraplate fracture

[22] Three types of magnitude data were included in our zones, rather than the active RTF. Including these in the
catalogs, body wave (mb) and surface wave (ms) magnitudes RTF catalogs can bias estimates of the upper cutoff magni-
from the ISC (1964-1999) and moment magnitude (mw) rude, mc. A recent example is the large (mw = 7.6)
from the Harvard CMT (1976-2002). Using the moment earthquake of 15 July 2003 east of the Central Indian Ridge,
tensors from the latter data set, we further winnowed the which initiated near the end of a small (60 km long) RTF
catalog of events whose null axis plunges were less than 450 and propagated northeastward away from the ridge-
in order to eliminate normal-faulting earthquakes. Normal- transform junction [Bohnenstiehl et al., 2004]. A diagnostic
faulting events without CMT solutions could not be culled feature of this type of intraplate event is a richer aftershock
from the mnb and ms data sets, although their contributions to sequence, distinct from the depleted aftershock sequences
the total moment are probably small. The three magnitude typical of RTFs (see section 4.3). An example that occurred
distributions for the 65 RTFs indicate average global during the time interval of our catalog, the mw = 7.2 event
network detection thresholds at mb = 4.7, ms = 5.0, and of 26 August 1977, was located on the fracture zone 130 km
mw = 5.4, with slightly higher thresholds for mb and mw in west of the Bullard (A) RTF fracture zone. This event and
the Southern Ocean, at 4.8 and 5.6, respectively. We use the its three aftershocks (inb , 4.8) were excluded from our data
higher threshold values in our analysis to avoid any geo- set by our windowing algorithm. We speculate that the
graphic bias. anomalously large (m s 8) earthquake of 10 November

[23] The location uncertainties for RTF events depend on 1942, located near the end of the Andrew Bain RTF in the
geographic position, but for events larger than the ms southwest Indian Ocean [Oial and Stein, 1987] was a
threshold of 5.0, the seismicity scatter perpendicular to the fracture zone event, rather than an RTF earthquake as
fault traces has an average standard deviation of about assumed in some previous studies [e.g., Langenhorst and
25 kmn. The spatial window for constructing the fault Okal, 2002; Bird et al., 2002].
catalogs was chosen to be sufficiently wide to comprise
essentially all of the CMT events with appropriately 4.2. Calibration of Surface Wave Magnitude
oriented strike-slip mechanisms. Increasing the window [26] The calibration of surface wave magnitude ms to
dimensions by 201/6 only increased the total number of seismic moment M for oceanic environments has been
events with mi > 5.6 from 548 to 553 (+0.9%) and their discussed by Burr and Solomon [1978], Kawaski et al.
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